Abstract Changes in thyroid status are associated with profound alterations in biochemical and physiological functioning of cardiac muscle, although its impact on cardiac energy metabolism is still debated. Similarities between the changes in cardiac gene expression in pathological hypertrophy leading to heart failure and hypothyroidism prompted scientists to suggest a role for thyroid hormone status in the development of metabolic and functional alterations in this disease. We thus investigated the effects of hypothyroidism on cardiac energy metabolism. Hypothyroid state (HYPO) was induced by thyroidectomy and propyl-thio-uracyl in male rats for 3 weeks. We examined the effects of hypothyroid state on oxidative capacity and mitochondrial substrate utilization by measuring oxygen consumption of saponin permeabilized cardiac fibers, mitochondrial biogenesis by reverse transcription polymerase chain reaction and energy metabolism, and energy transfer enzymes by spectrophotometry. The results show that maximal oxidative capacity of the myocardium was decreased from 24.9 ± 0.9 in control (CT) to 19.3 ± 0.7 μmol O 2 min −1 g dry weight −1 in HYPO.
Introduction

Thyroid hormone and energy metabolism
It is generally accepted that changes in thyroid status are associated with profound alterations in biochemical and physiological functioning of cardiac muscle impacting heart rate, contractility, and cardiac mass. Extensive work has been done to delineate the effect of thyroid hormones (TH) on proteins responsible for calcium homeostasis and contraction (reviewed in [22, 25] ). In addition, animals given TH have increased oxygen consumption and mitochondrial adenosine triphosphate (ATP) production rate, markedly increased blood flow, and increased oxygen extraction [12, 47] , suggesting a marked effect on cardiac metabolism. TH can control mammalian mitochondrial biogenesis through direct and indirect pathways. The direct pathway involves expression of nuclear-encoded mitochondrial proteins through TH receptors (TR α and β) and their recognition sites TREs on nuclear target genes and activation of the mitochondrial genome via a truncated form of TRα called p43 [58] . The indirect pathway involves the nuclear-encoded transcriptional co-activator-1α of peroxisome proliferator activated receptor gamma (PGC-1α) [57] , the respiratory factors (NRF-1 and 2), and the mitochondrial transcription factor (mtTFA), which itself activates the replication and transcription of mitochondrial DNA. However, the effect of TH on cardiac mitochondrial content and function, and energy transfer is less clear. For example, T3 treatment in rats was able to increase cardiac oxygen consumption, mitochondrial bioenergetic capacity, and markers of mitochondrial biogenesis such as PGC-1α and its transcription cascade [12] , but another study reported no change in PGC-1α in heart of T3 treated animals [20] .
Heart failure and thyroid state
The thyroid state has been suspected to participate in the pathophysiology of heart failure (HF). Free triiodothyronine level is below normal values in chronic HF [9] . Moreover, TH metabolism is frequently altered in advanced congestive HF and is an independent predictor of mortality [13] . The hypothyroid state, and in particular a low triiodothyronine level, has been associated with a reduced cardiac performance and poor prognosis in HF [18, 42] . In addition to changes in circulating hormone, the local thyroid state was also shown to be altered in HF. Enzyme activity of the type III deiodinase (D3), which converts T4 and T3 to inactive compounds, is stimulated up to fivefold in hypertrophied heart, with D3 activity significantly higher in those animals in which hypertrophy progresses to HF [54] . In parallel, levels of type I deiodinase (D1, the deiodinase which converts T4 in active T3) was decreased in HF animals. The induction of a TH-degrading and decrease in a THgenerating deiodinase is expected to result in reduced cellular levels of T3 and thereby contribute to a local hypothyroid state in the failing ventricle [54] . Moreover, the nuclear TH receptors (TRα1, TRβ1, TRβ2) are also altered in HF. In failing human heart, TRα1 is downregulated, whereas TRα2, a splice variant that does not bind TH but inhibits responses to liganded TRs, is increased, suggesting local attenuation of TH signaling in the failing human heart [24] . However, other authors rather observed a coordinated increment in the expression of the TR isoforms in HF patients [4] . Thus low or subclinical blood levels of TH, altered expression of thyroid receptors, and increased cellular degradation of TH in HF suggest that alterations in the thyroid status may participate in the physiopathology of the failing cardiomyocyte.
Heart failure and energy metabolism Energetic failure of the failing heart is now increasingly recognized. Four main features can be outlined. First of all, the failing heart, as the hypertrophied heart, exhibits a profound change in substrate utilization, with a metabolic switch from fatty acid to glucose utilization and subsequent dysregulation of fatty acid oxidation enzyme gene expression [16, 48] . The second feature is a decrease in oxidative capacity of the myocardium [7, 35, 44 ], which appears related to alteration in mitochondrial biogenesis and the PGC-1α transcription cascade [11, 51] . Thirdly, HF also impairs energy transfer and utilization. A generalized alteration of the creatine kinase (CK) system has long been observed with both cytosolic and mitochondrial isoenzymes of CK being affected (for review see [8, 19, 51] ). Finally, the failing heart has reduced mechanical efficiency and increased energy cost of contraction [39] leading to energy wastage. Energetic imbalance of the failing heart is the major cause for the lower creatine phosphate (PCr)/ATP ratio that turned out to be a valuable predictor of mortality in HF [31] . However, the signals triggering the drop in CK and mitochondrial biogenesis in HF are at present undefined.
As energy metabolism is one of the main targets for TH, we sought to investigate whether hypothyroidism can explain energetic failure of the failing myocardium. Hypothyroid state was induced by thyroidectomy and propyl-thio-uracyl in male rats for 3 weeks, and we examined the effects of hypothyroid state on oxidative capacity and mitochondrial biogenesis, mitochondrial substrate utilization, and CK system of energy transfer. Moreover, signaling pathways known to be involved in the control of energy metabolism were assessed. The results show that hypothyroidism induces unique changes in cardiac bioenergetics that differ from HF.
Materials and methods
Animals
All procedures were performed in accordance with the principles and guidelines established by the European Convention for the Protection of Laboratory Animals. Adult male Wistar rats (∼220-280 g) were randomly divided into two groups housed two or three per cage in a temperature-controlled room (22°C), with a 12/12-h light/ dark cycle. The hypothyroid rats (HYPO, n =8) were thyroidectomized by Janvier (Le Genest ST Isle, France) and received 6-propyl-2-thio-uracil (PTU, 0.04%) in water during 3 weeks to maintain the low level of plasmatic T3. The control group (CT, n=16) was kept in the same conditions for 3 weeks. All animals were given food ad libitum. The rats were anesthetized by intraperitoneal injection of Pentothal (150 mg/kg) and the heart was removed. Left ventricular tissue was isolated, part of which was immediately used for mitochondrial function measurement, and other part was rapidly frozen and kept at −80°C.
Study of in situ mitochondrial respiration
Oxygen consumption measurements of saponin-skinned fibers from left ventricle have been described previously [50] . Different experimental protocols were used based on substrate utilization pathways as previously described [1] . The first protocol was designed to study the different complexes of the respiratory chain in the presence of 2 mM ADP; complex I was investigated with 4 mM glutamate + 10 mM malate; complex I was then inhibited with 2 mM amytal and complex II was measured with 10 mM succinate; complex IV was finally assessed with 0.5 mM tetramethyl phenylenediamine (TMPD) + 0.5 mM ascorbate on n=8 CT and n=8 HYPO. The second protocol determined the sensitivity of mitochondrial respiration to various substrates in the presence of 2 mM ADP, by cumulative addition of 4 mM glycerol-3P (G3P), 4 mM malate, 0.4 mM octanoyl-carnitine, and 1 mM pyruvate as described previously [1] on n=8 CT and n=8 HYPO. To determine the relative contribution of each substrate to respiration rate, the effect of the substrate added previously was subtracted from the cumulative value. The third protocol was aimed at determining the dependency of respiration on external [ADP] and [creatine] [49] , with glutamate + malate as substrates. The coupling of phosphorylation to oxidation was determined by calculating the acceptor control ratio (ACR) as the ratio between ADP stimulated respiration (Vglu/mal) over basal respiration without ADP (V 0 ). As no difference was observed with or without creatine for V 0 , Vglu/mal, and ACR, the data were pooled. Rates of respiration are given in μmoles O 2 per minute per gram dry weight (dw). Two to three fiber bundles were assayed for each heart and each protocol.
Biochemical studies
Frozen tissue samples were weighed, homogenized (Bertin Precellys 24) in ice-cold buffer (50 mg/ml) containing (mM) 5 HEPES (pH 8.7), 1 EGTA, 1 DTT, and 5 MgCl 2 , and 0.1% Triton X-100 and incubated for 60 min at 0°C to ensure complete enzyme extraction. Citrate synthase (CS), cytochrome c oxidase (COX), CK and lactate dehydrogenase (LDH) activities were measured at 30°C (pH 7.5) using coupled enzyme systems as previously described [7] . CK isoenzymes were separated using agarose 1% gel electrophoresis at 200 V for 90 min. Individual isoenzymes were resolved through incubation of the gels with a coupled enzyme system. Total [2] and mitochondrial [46] malate dehydrogenase (MDH) activities were measured at 30°C (pH 7.5) using coupled enzyme systems.
Real-time quantitative reverse transcription polymerase chain reaction analysis Total cardiac RNA was extracted using standard procedures. Oligo-dT first strand complementary DNA was synthesized from 5 μg total RNA using superscript II reverse transcriptase (Invitrogen). Real-time polymerase chain reaction (PCR) was performed using the SYBR®Green method on a LightCycler rapid thermal cycler (Roche Diagnostics) as previously described [11] . PCR amplification was performed in duplicate in a total reaction volume of 15 μl. The reaction mixture consisted of 5 μl diluted template, 1.5 μl FastStart DNA Master SYBR Green I kit (x10), 3 mM MgCl 2 (except for mCPTI, MCAD and PPARα with 4 mM), and 0.5 μM forward and reverse primers ( Table 1) . After an 8-min activation of Taq polymerase, amplification was allowed to proceed for 30-40 cycles, each consisting of denaturation at 95°C for 10 s, annealing at specific temperature (Table 1) for 5 s (except 6 s for D2 and 10 s for COX I), and extension at 72°C for 5-25 s, depending on the length of the PCR product (25 bp/sec). Fivefold serial dilution from cardiac total RNA were analyzed for each target gene and allowed us to construct linear standard curves from which the concentration of the test sample was calculated. Primers were designed in a different exon of the target gene sequence, eliminating the possibility of amplifying genomic DNA. A basic local alignment search tool (BLAST) search performed for each set of primers revealed that sequence homology was obtained only for the target gene. Cyclophilin A (CycA) was chosen as housekeeping gene for normalization as its expression did not differ between the two groups. Results were first normalized to CycA transcription to compensate for variation in input RNA amounts and efficiency of reverse transcription, then they were multiplied by total RNA per amount of tissue (milligram per wet weight) to compare expression level in different conditions [11] .
Western blot analysis
Protein extracts (50 μg) of cardiac muscles from CT and HYPO rats were loaded onto sodium dodecyl sulfate polyacrylamide gels and separated for 120 min at 120 V. After electrophoresis, the proteins were transferred to Hybond nitrocellulose membranes (Amersham) using a Bio-Rad blot system for 90 min at 150 V. Thereafter, the blots were blocked with 5% milk in phosphate buffered saline for 60 min at room temperature, followed by incubation with a primary antibody at 4°C overnight. Specific antibodies were used to measure the protein content of the OXPHOS complexes (MitoSciences LLC), AMPKα1, AMPKα2 and calcineurin (Upstate Biotechnology Inc), mitochondrial CK (mi-CK; kind gift from Dr Z.
Khuchua, Nashville, USA), PGC-1α (Chemicon), phosphoand total p38 mitogen-activated protein kinases (MAPK), and phospho-and total AMP-activated protein kinase (AMPK; Cell Signaling). After washing, the membranes were incubated with horseradish peroxidase secondary antibody for 60 min and revealed with enhanced chemiluminescent substrate (ECL, Amersham, France). Light emission was detected by autoradiography and quantified using an image-analysis system (Bio-Rad Geldoc 1000). Beta actin (Sigma) was used as reference. Quantification was performed using Quantity One software (Biorad) and expressed as a ratio of the signal obtained with the protein of interest relative to the β-actin.
Statistical analysis
Data are expressed as mean±SEM. Statistical significance was defined as p<0.05 with a Student test. Table 2 summarizes the effects of thyroidectomy on reliable indicators of the thyroid state. Plasmatic levels of free T3 were decreased by 63% (p<0.001) in HYPO. The heart PGC-1α Peroxisome proliferator activated receptor gamma co-activator 1α; NRF nuclear respiratory factor; Tfam mitochondrial transcription factor A; COX cytochrome oxidase; MCIP myocyte calcineurin interacting protein; TR thyroid hormone receptor; Dio deiodinase; PPAR peroxisome proliferator activated receptor; MCAD middle chain Acylcoa dehydrogenase; mCPTI muscle isoform of carnitine palmitoyl transferase I; SERCA sarco-endoplasmic reticulum calcium ATPase; MHC myosin heavy chain; CycA cyclophilin A.
Results
Anatomical and physiological parameters
weight (HW) and body weight (BW) were lower in HYPO mainly due to a lower weight gain in HYPO, as the HW/ BW ratio was not significantly decreased compared to CT. However when reported to tibia length, HW was significantly lower in HYPO. The expression of the cardiac isoform of the sarcoplasmic reticulum calcium ATPase SERCA2A was decreased by 45%. The deiodinase 1 and 2 (D1 and D2) activate TH by converting T4 in T3 and by degrading the reverse T3 (inactive form of T3). As expected in HYPO [52] we found a significant increase of 34% of the D2 mRNA, while D1 was not expressed at detectable levels (result not shown). All these markers evidence the efficacy of the treatment.
Mitochondrial oxidative capacity
We determined the effects of hypothyroid state on maximal respiratory capacity of cardiac tissue using saponin permeabilized fibers. Basal respiration rate (without ADP) was not significantly changed in HYPO (3.28±0. 23 , oxygen consumption was still lower in HYPO compared to CT rats. Finally, the ACR was unchanged in HYPO rats (Table 4) .
To understand the molecular nature of these changes in the oxidative capacities, we measured some mitochondrial markers ( Table 3 ). The activity of CS, a marker of mitochondrial mass, and of the COX were significantly decreased in HYPO. However, neither the mRNA expression of COX I (mito-encoded) and IV (nucleus-encoded) subunits (Table 3 ) nor the protein content of complex V (α), III (core2), II (30 kD), and I (20 kD) subunits of the respiratory chain complexes were changed (Fig. 1b) . Moreover, no significant decrease in the protein (Fig. 1c) and mRNA contents of PGC1α, or in the mRNA content of the downstream effectors of mitochondrial biogenesis NRF1, NRF2, and Tfam, were observed in HYPO rats (Table 3 ). So the low oxidative capacity of HYPO hearts cannot be explained by the reduction in the classical markers of mitochondrial biogenesis.
Substrate utilization by mitochondria
Respiration rates were measured with different substrates to study whether mitochondrial substrate utilization by mitochondria was sensitive to TH (Fig. 2a) . Respiration with glycerol-3-phosphate (G3P) was decreased by 55% in the HYPO (p<0.001). Malate-stimulated respiration was also significantly decreased in the HYPO. This is consistent with a decrease in total and mitochondrial MDH activity in the HYPO (Fig. 2b) . We also noticed a slight decrease in the respiration rate when octanoate was added in the HYPO and no change with pyruvate. This was associated with a decrease in mRNA expression of the middle chain AcylCoA dehydrogenase (MCAD) while the mitochondrial fatty acid translocase mCPTI (muscle isoform) and the peroxisome proliferator activated receptor α and β/δ (PPARα and PPARβ/δ) were unchanged (Fig. 2c) . Moreover, hypothyroidism did not significantly affect total LDH and H-LDH activity but M-LDH was significantly decreased.
Energy transfer
Then we examined whether TH may influence the energy transfer system (Table 4 ). The total CK and adenylate kinase (AK) activities were unchanged in HYPO while a 42% decrease in the B-CK activity could be observed. No significant change in mi-CK expression or activity was observed in HYPO. The sensitivity of mitochondrial respiration to phosphate acceptors (ADP and creatine) was assessed by measuring the Michaelis-Menten constant for ADP in the presence and the absence of creatine. The Km ADP was significantly increased in HYPO. The Km ADP+Cr of the HYPO was also increased by 64% compared to CT despite an unchanged expression of the mi-CK isoenzyme, evidencing a decreased efficacy of mi-CK (mi-CK efficacy).
Signaling pathways
We then assessed whether TH could regulate signaling pathways proposed to be involved in the control of cardiac energy metabolism. The AMPK which is involved in mitochondrial biogenesis was shown to depend on TH in skeletal muscle [33] . In the heart, the protein content of AMPK α1, α2, and total AMPK was unchanged in the HYPO versus the CT, but the phosphorylation state was significantly decreased (Fig. 3a) . The p38 MAPK has been involved in the regulation of PGC-1α expression and mitochondrial protein expression. We thus assessed the content and phosphorylation level of p38 MAPK (Fig. 3b) . Hypothyroidism did not affect total p38 MAPK expression (1.92±0.46 in CT versus 1.96± 0.29 AU in HYPO). However, the level of phosphorylation was decreased by 52% in HYPO rats (p<0.05).
Finally, calcium-dependent phosphatase calcineurin is an important signaling molecule in cardiac hypertrophy and failure involved in the regulation of mitochondrial biogenesis. The calcineurin protein content (Fig. 4a) was un- changed in HYPO. The two calcineurin regulatory proteins modulatory calcineurin-interacting proteins 1 (MCIP1) and MCIP2 were shown to be regulated by calcineurin and TH, respectively [59] . Surprisingly, the level of MCIP1 but not MCIP2 was altered by 49% in HYPO (Fig. 4b) . As MCIP1 promoter sequence contains 15 repeats of the nuclear factor of activated T-cells (NFAT) binding site it has been shown to be the most sensitive indicator of calcineurin transcriptional activity [59] . Thus it appears that TH may interfere to enhance calcineurin signaling in cardiac cells.
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Discussion
The present results can be summarized as follows: Hypothyroidism (1) induces a decrease in the maximal oxidative capacity of cardiac fibers from complex I, II, and IV together with CS activity and COX activities but no change in PGC-1α mRNA and protein content or in the PGC1α transcription cascade, suggesting a unique mode of mitochondrial respiration regulation by TH; (2) decreased the mitochondrial utilization of glycerol-3P, malate, and octanoate but not pyruvate; (3) hardly affected CK system and energy transfer; (4) affected the level of p38 MAPK and AMPK phosphorylation as well as calcineurin activation (MCIP1 expression), showing the capacity of TH to interact with different signaling pathways.
Physiological parameters
Hypothyroidism was confirmed by the low TH plasma level, decreased mRNA content of SERCA2A [22] , and increased D2 mRNA content [52] . Metabolic consequences of HF have been extensively studied by our group using the same experimental approaches [6, 7, 11, 28] . We have investigated whether cellular hypothyroidism status might explain the energetic alterations of pathological hypertrophy or HF. The results of these studies are reported in Table 5 and compared to the results obtained in hypothyroid state.
Mitochondrial oxidative capacity
One of the main features of energetic alteration in HF is the decrease in oxidative capacity and mitochondrial protein content (Table 5 , [51] ). Cardiac oxidative capacities from complex I, II, or IV were all found to be decreased in HYPO compared to CT rats. A similar decrease was observed when glycerol-3P, octanoate, and pyruvate were all present. This was accompanied by the decrease in CS and COX activity. Thus our results confirm the influence of Fig. 2 Effects of hypothyroidism on substrate utilization by mitochondria. a Respiration rates were obtained by cumulative addition of glycerol-3P (G3P, 4 mM), malate (4 mM), octanoyl-carnitine (0.4 mM), and pyruvate (1 mM). The increments in respiration rates are plotted to show the substrate preference of control and hypothyroid cardiac fibers (CT n=16, HYPO n=8). b Enzymatic activity of total and mitochondrial MDH. c mRNA expression of proteins of the β-oxidation pathway. PPAR Peroxisome proliferator activated receptor; MCAD middle chain AcylCoA dehydrogenase; mCPTI muscle carnitine palmitoyl transferase I. Asterisk, p<0.05; double asterisk, p< 0.01; triple asterisk, p<0.001 versus CT TH at the mitochondrial level to partly modulate cardiac energetic. Decreased cardiac oxidative capacity in HF is linked to a decrease in mitochondrial biogenesis through the PGC-1α transcription cascade [11] . Our first hypothesis was that hypothyroidism influences oxidative capacity by downregulating mitochondrial biogenesis. The regulatory effect of TH on mitochondrial transcription is partially exerted by a direct influence of the hormone on the mitochondrial transcription machinery [10, 58] . However, only a limited number of genes are known to be regulated by a TRE, suggesting an indirect regulation of gene expression. PGC-1α and its downstream target NRFs have been identified as likely intermediary factors controlling T3-induced mitochondrial biogenesis [55, 57] . However, the present results show that hypothyroidism was not accompanied by a decrease in PGC-1α protein or mRNA content in the heart, or by a down-regulation of the PGC-1α transcription cascade (as mRNA content of NRFs, Tfam, and their target genes) nor by a decrease in proteins of the mitochondrial complexes. This is consistent with the observation that glycolytic or aerobic metabolic enzymes appear less sensitive to TH than sarcoplasmic reticulum Ca 2+ -ATPase and myosin isoenzymes [26] .
Impairment of mitochondrial function in hypothyroidism may have different origins. Other reports in the literature also point out a rather complex effect of TH on cardiac mitochondrial biogenesis and function. TH modulates mitochondrial maturation in sheep through complex transcriptional and posttranscriptional mechanisms [27] . Increased COX activity without coordinated increase in COX subunit gene transcription has been described in hyperthyroidism [45] . Moreover, nongenomic actions of TH on its target tissues and specifically in the heart have been described for a long time [5] . Interestingly, T2 can directly activate the COX by abolishing the allosteric inhibition of ATP [21] , explaining the discrepancy between COX activity and COX expression under different thyroid states. These nongenomic effects of TH include direct activation of mitochondrial respiration and mitochondrial enzymes, although the mechanism involved are still debated [5, 58] . Finally TH can also regulate the oxidative capacity by modulating the cardiolipin content. Cardiolipin is the main phospholipid of the mitochondrial inner membrane. It rises with increased metabolic rate and plays a key role in the activity of several inner membrane proteins including complex-I (for review, see [40] ). A decreased mitochondrial content of cardiolipin has been consistently observed in hypothyroidism and HF [3, 29, 32] . Moreover, key enzymes of the biosynthetic pathway of cardiolipin are sensitive to T3 [14, 29] . This effect of TH on the cardiolipin content could participate in the decreased function of the respiratory chain, without necessary changes in protein expression. Thus hypothyroidism induces a unique pattern of mitochondrial changes including decreased mitochondrial function without coordinate changes in mitochondrial gene expression and transcription cascade. Alteration in mitochondrial function in hypothyroid state does not resemble that induced by HF (Table 5) , suggesting potentially additive mechanisms involved in mitochondrial alterations in this disease.
Substrate utilization
Although not assessed on in situ mitochondria, it is well known that a switch from fatty acid to glucose utilization is observed in HF [16, 48] . Cardiac mitochondria have a high capacity to utilize fatty acid and a reduced capacity for G3P utilization [34] . Decreased respiration rate under G3P and malate in the HYPO is in accordance with the literature showing that mitochondrial G3P dehydrogenase mRNA expression is under the control of TH [43] and with the decrease in total and mitochondrial MDH activities observed here and in previous studies [43, 56] . While pyruvate-induced increase in respiration did not differ from control, mitochondria from HYPO utilize less octanoate than CT. This is consistent with the decreased mRNA content of MCAD observed here and with the known decrease in fatty acid flux of the whole myocardium [17] . The mRNA content of Sham and HF rats were normalized to β-actin transcription, while Eu and Hypothyroid rats mRNA are normalized to cyclophylin A. a All values on sham and HF rats come from [11] , except for the energy transfer and the substrate utilization data, which come from [7] . Sham and HF (congestive heart failure) rats data, originally expressed by gram wet weight, were converted in milligram of protein using a protein to wet weight ratio of 18%. *p<0.05; **p<0.01; ***p<0.001 between sham and HF rats, or between Eu and Hypothyroid rats.
By contrast, mCPT1 mRNA content was unchanged in hypothyroidism as previously shown during maturation in sheep [27] . Additionally, no change in PPARα and PPARβ/ δ expression pattern, which are involved in fatty acid oxidation [16] , was observed, evidencing again a unique regulation of mitochondrial substrate utilization in hypothyroid state. Thus, as the decrease in fatty acid oxidation in HF seems to be mediated in part through a coordinated down-regulation of fatty acid oxidation enzymes among which MCAD and mCPT1 [36] , hypothyroid state could be only partially involved in these effects. Moreover, although the ratio of the cardiac isoform (H-LDH), which is associated with increased lactate utilization, versus the muscle (M-LDH), which is associated with lactate formation, was decreased in HF [6] , it was not affected by hypothyroidism (Table 5) .
Energy transfer
Activity and function of cytosolic and mitochondrial isoforms of CK, which are involved in the fine regulation of energy transfer in cardiac cells, are all profoundly affected in HF (Table 5 , [30] ). At present, the upstream events inducing these changes are completely unknown [7] . Hypothyroid state did not affect cytosolic or mi-CK isoenzymes activity or expression, or AK activity, another phosphotransfer enzyme [7] . Interestingly, hypothyroid state decreased the sensitivity of mitochondria to ADP and creatine as well as mi-CK efficacy. This effect could rather be due to hypothyroid-induced decrease in cardiolipin content [29, 32] because cardiolipin is known to be important for mi-CK binding [41] . In general, thyroid state cannot explain the dramatic decrease in CK expression and function in HF (Table 5) .
Signaling pathways
An important way by which genomic and non-genomic effects of T3 occur in heart muscle could be by modulating transcriptional or posttranscriptional activity of other signaling pathways. For example, it has been shown that some effects of TH could be induced via MAPK and vice versa [5, 23] . Chronic activation of p38 MAPK alters oxidative phosphorylation complexes in the heart [53] . However, hypothyroidism rather induced a decreased phosphorylation of p38 MAPK, suggesting a posttranslational regulation, making the implication of p38 MAPK in the respiratory effects of low T3 observed here rather unlikely.
AMPK signaling pathway plays an important role in controlling energy homeostasis and fatty acid or glucose utilization in the heart [15, 37] . AMPK can also affect energy metabolism through changes in gene expression. In contrary to skeletal muscle [33] , we did not observe any change in the protein content of AMPKα1 or α2, but the basal phosphorylation state of AMPK was clearly decreased in hypothyroid state showing again the complex tissuespecificity of T3 effects. It is tempting to speculate that activation of AMPK phosphorylation by T3 may counteract the catabolic effects of TH.
Calcineurin activation is a key player in hypertrophy and HF that has been involved in mitochondrial gene expression [38] . Hypothyroidism had no influence on calcineurin expression. Calcineurin activity is also modulated by calcineurin-interacting proteins, among which, MCIPs. In mouse heart, expression of MCIP1 is induced by calcineurin activation, whereas MCIP2 expression is increased by TH [59] suggesting a cross-talk between calcineurin and TH pathways. In the present study, the mRNA expression of MCIP1 but not MCIP2 was decreased in the HYPO, suggesting that calcineurin activation could be under the control of T3 in rat heart. Interestingly, it was suggested that TH signaling pathway may play a role in differentiating physiological and pathological hypertrophy [24] . The present data open the interesting possibility that T3 controls the hypertrophic gene program at least in part through calcineurin activation.
In summary, TH signaling in heart is characterized by pleiotropic functional changes, a unique mitochondrial expression pattern, and ability to interfere and mobilize many other signaling pathways. Table 5 underlines that the cardiac energetic fingerprint of hypothyroidism is unique compared to HF. Thus, cellular hypothyroidism can hardly account for the specific energetic alterations of HF or even pathological hypertrophy, but it may be an additional deleterious factor.
